Biofuel cells are often limited by the current density produced by the cathode; this is especially true when such fuel cells are scaled down to fit a desired application. Herein, we created a computational model to examine the effects of carbon nanotube (CNT) connectivity and surface activity on the current density of a biofuel cell cathode. The model was motivated by the creation of a novel contact lens biofuel cell that, although more stable and biocompatible than previously reported designs, was cathode limited. The device produced a maximum current density of 22 AE 4 mA cm showed that in a Nafion film containing 1.6% CNTs by volume, less than 20% of the CNT fibers were connected to the electrode, assuming a planar electrode. The simulations predicted that a three-fold increase in CNT loading would lead to a roughly two-fold increase in total CNT connectivity. The simulations further estimated that for the CNTs connected to the electrode, only 21% of their sidewalls were contributing to cathodic current, meaning that the remaining surfaces were not electrochemically active. Given the low bilirubin oxidase (BOD) enzyme surface concentration, which was experimentally found to be 1.24 Â 10 À13 mol cm
Introduction
Enzymatic biofuel cells convert chemical energy to electricity using enzymatic catalysts. With origins in living systems, enzymatic catalysts operate well in physiological temperature and pH, which makes them an attractive option as a possible implantable power source [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Several examples of biofuel cells operating under such conditions have been reported, including some that operate in biological fluids [11] [12] [13] [14] [15] . The trends in power output and stability for biofuel cells are clearly positive, but operational stability remains a significant limitation.
Enzymatic biofuel cells are generally less stable than their transition metal counterparts due largely to thermal degradation of the biological catalyst. Many attempts have been made to improve biofuel cell stability; however, existing biofuel cells are still shy of the 5-10 year lifetime of common implantable devices such as pacemakers and implantable cardioverter defibrillators (ICD) [16, 17] . Meeting the stability requirements of fully implantable devices will continue to be a major goal for enzymatic biofuel cell research; however, an alternative approach involves the use of wearable biofuel cells that can be easily replaced on a regular basis. For example, wearable biofuel cells have recently been integrated into flexible textiles [18, 19] , iontophoresis patches [20] , temporary tattoos [21] , and contact lenses [22, 23] .
We recently reported a contact lens biofuel cell created using carbon paper comprised of carbon nanotubes (CNT), called buckypaper, electrodes modified with poly(methylene green), nicotinamide adenine dinucleotide (NAD + ), and lactate dehydrogenase (LDH) at the anode, and with anthracene-pyrene (An-pyr) and bilirubin oxidase (BOD) at the cathode [23] . However, the use of adsorbed NAD + as a cofactor results in inherent instability due to desorption of poly(methylene green) and adds significant complexity with respect to substrate and cofactor diffusion. As a potentially simpler alternative anode system, we recently reported [24] a high current density self-powered lactate sensor that utilizes a flavin adenine dinucleotide (FAD)-dependent lactate oxidase (LOx) that was "wired" to an electrode surface using a dimethylferrocene-modified linear poly(ethylenimine) (FcMe 2 -LPEI) redox polymer, where the redox polymer simultaneously immobilizes the enzyme at the electrode surface and facilitates rapid electron transfer between the enzyme's active site and electrode. While using this system produced a simpler, more stable anode, the cathode continued to be problematic, requiring a high enzyme and CNT loading as well as a larger projected surface area to match the anodic current. Enzymatic biofuel cells are commonly cathode-limited and this is currently an area of focused research [25] . The use of infused CNTs in an enzyme-immobilizing film is a highly effective method of increasing electrode surface area [26] , yet only those CNTs that are electrically connected to the electrode surface contribute to electrocatalytic current. Additionally, only portions of the CNT surface may be electrochemically active [27] [28] [29] [30] [31] . Yet another important limitation is that not all the enzymes are able to communicate with or are "wired" to electrochemically active CNT sites. In a direct electron transfer (DET) system, limitations related to CNT connectivity, surface activity, and enzyme wiring are amplified compared to a mediated system, because the mediators increase the likelihood of electron transfer from enzymes to the current collector.
Analytical [32] [33] [34] [35] and Numerical [36] [37] [38] [39] [40] [41] [42] [43] [44] modeling are useful, although arguably underutilized, tools for understanding enzymatic biofuel cell operational mechanisms. In an effort to better understand CNT-related limitations in enzymatic biofuel cell electrodes, especially those using DET, we built a series of prototypes and simulations that are reported herein. The first portion of this paper describes a contact lens biofuel cell prototype that was created as an experimental system to allow for computational analysis. It will be shown that cathode limitations were quite pronounced in the contact lens biofuel cell, so the second portion of this paper examines CNT-related factors contributing to low biocathode electrical current. CNT connectivity to the electrode was estimated using Monte Carlo simulation. The results were used in a COMSOL model to simulate currentpotential data, which was fit to experimental data to estimate CNT electroactive/wired surface area. Although the modeling portion of this paper was performed with the contact lens biocathode specifically in mind, the results are applicable to any bioelectrode modified with a CNT-filled enzyme immobilizing polymer.
Experimental

Lens and Electrode Fabrication
A 3D-printed contact lens mold was created that had a concave, hand-polished, spherical surface, which defined contact lens curvature, and a sharp edge at the spherical surface's boundaries to control lens outer diameter. On the underside of the mold was a cylindrical protrusion used for centering the mold in a spin coater during lens curing. Fig. 1 shows CAD cross-sectional and isometric views of the mold, including important mold dimensions defining the contact lens features. The electrode shapes were defined using a mask made from laser-cut vinyl tape (Gerber Instachange Removable Film). The mask was created in such a way so that the electrodes would have the correct size and shape and would be located around the perimeter of the lens once the mask was adhered to the cylindrical mold surface (Fig. 2) .
The carbon paste used for the electrodes was based on a formulation reported by Sameenoi et al. [45] , but with an increased wt. percentage of polydimethylsiloxane (PDMS) for additional mechanical stability. The carbon paste was a mixture of 45% (by weight) 12-15 mm graphite (Asbury Graphite, type 5601), 5% multi-walled CNT (MWCNT) (outer diameter: Ø25 nm, length: 20 mm, Cheap Tubes, Inc.), 25% mineral oil (Mallinckrodt #6358), and 35% polydimethylsiloxane (PDMS) (Sylgard 184, 10:1 w/w base:cross-linker). The graphite and MWCNT were thoroughly mixed in a small tube, the mineral oil and PDMS were added, and the paste was mixed with a small spatula until the consistency was visually uniform (approximately one minute of mixing). With the electrode mask adhered to the mold, the carbon paste was applied over the mask with the spatula. Removing the mask left patterned carbon paste electrodes on the mold surface where the contact lens would be formed. Transparent UV-curable silicone rubber (ShinEtsu product X-34-4184) base and cross linker was mixed in a 10:1 w/w base:cross-linker ratio and 110-115 mg was poured into the mold over the carbon paste electrodes. The amount of elastomer was important for achieving the desired final contact lens thickness (300-400 mm) and outer diameter ($Ø15 mm). The mold was placed into a spin coater (Laurell, WS-400A-6NPP-LITE) with the lid up and spun at 400 rpm for 15-17 minutes while exposing it to a 100-Watt UV light source (Blak-Ray) placed roughly 3 inches from the mold. The cured lens was then carefully removed from the mold before the carbon paste was fully cured and placed in an oven at 60 C for an hour to cure the carbon paste electrodes. Removing the lens from the mold before the carbon paste fully cured was important, because it sheared the carbon paste, leaving part of the paste on the mold, while removing the paste that had cured to the lens. This increased the electrode surface approximately 60 times (Fig. 4.2F ) based on surface area measurements made using the electrochemically accessible surface area (EASA) method [46] and assuming a specific capacitance of 20 mF cm À2 .
Small wires were attached to the electrodes using conductive silver epoxy (Electron Microscopy Sciences), which was then insulated with clear epoxy ( respectively. The cathode was larger in an attempt to overcome cathode limitations. Fig. 3 schematically illustrates the enzymatic modifications made to the electrodes after the contact lens electrodes were fabricated. Anodic enzymes were immobilized in a previously reported dimethylferrocene-modified linear polyethyleneimine (FcMe 2 -LPEI) redox polymer [47] that has proven to be very effective at mediating electron transfer for oxidation of glucose [47] , fructose [48] , ethanol [49] , and lactate [24] . Anode-modifying solutions containing 70.5% v/v FcME 2 -LPEI (10 mg ml À1 in deionized water), 26% v/v LOx from Pediococcus sp. (200 U/ml, SigmaAldrich), and 3.5% v/v ethylene glycol diglycidyl ether (EGDGE) (2.5 ml in 45 ml DI water, Polysciences, Inc.) were mixed thoroughly and 6 ml was pipetted onto the anode and allowed to dry overnight at room temperature. On the cathode, a solution containing An-pyr modified CNT, BOD, and TBAB-modified Nafion was pipetted and allowed to dry immediately before performing experiments. It was previously demonstrated that An-modified CNTs are capable of preferentially orienting BOD and laccase for improved DET cathodic current density [50, 51] , which is why the previous contact lens biofuel cell buckypaper cathodes were thus modified. However, the CNT content of the carbon paste cathode in the current contact lens biofuel cell was insufficient for the paste to be directly modified with An-pyr, and attempts to add An-pyr CNT to the uncured carbon paste did not show DET (data not shown). This is why Anpyr CNT were placed on the carbon paste surface. The cathode solution consisted of 75% v/v BOD solution (12 mg ml À1 in PBS, pH 7.4) and 25% v/v TBAB-modified Nafion. The BOD was from Myrothecium sp. and was purchased from Amano and the TBABmodified Nafion was prepared as described previously [52] . The enzyme/Nafion solution was mixed by vortexing and then An-pyr CNTs, prepared previously, were added to the solution resulting in a concentration of 8.3 mg ml À1 An-pyr CNTs, and the mixture was vortexed for 1 min and sonicated for 15 s. After repeating the vortex/sonication process another 3 times, 30 ml of this solution were pipetted onto the cathode, carefully spread over the electrode surface, and allowed to dry for 2 hours. Finally, the cathode was coated with silicone acrylate polymer (Nexcare Skin Crack Care) for improved biocompatibility. While this coating is not typically used for ocular implants or lenses, it was more flexible and adhered better than PMMA and polystyrene films. Cathodic current density was negatively impacted by these coatings, but whether the decrease in current was due to lower oxygen diffusivity or decreased enzymatic activity was not determined.
Contact Lens Electrode Enzyme Immobilization
Contact Lens Biofuel Cell Electrochemical Characterization
The contact lens biofuel cell anode and cathode were first characterized separately in a three-electrode experimental setup and then together on the contact lens. For the three-electrode experiments, anodes and cathodes were created from flat elastomer samples cured to carbon paste with a geometric electrode area of 0.15 cm Â 0.45 cm. The enzyme solution volume on the flat electrodes was adjusted to account for the aerial difference compared to the contact lens electrodes. These flat electrode samples were used as the working electrodes in separate anode and cathode experiments while a platinum mesh and a saturated calomel electrode (SCE) were, respectively, used as the counter and reference electrodes. All anode, cathode, and biofuel cell experiments were performed in an artificial tear solution consisting of 0.05 mM b-D-glucose, 3 mM L-lactate, 0.18 mM Lascorbate, 5.4 mM urea, 2.47 mg ml À1 lysozyme, 0.2 mg ml À1 BSA, and 0.15 mg ml À1 mucin, all in 150 mM PBS with the final pH adjusted to 7.4. The tear solution was placed in a beaker and was maintained at eye surface temperature, 35 C [53] , using a refrigerated/heated bath circulator (Isotemp 4100, Fisher Scientific). For the contact lens biofuel cell experiments, tear solution was dripped onto the lens every five seconds using a syringe pump (Pump 11 Elite, Harvard Apparatus). The droplet temperature was controlled using a flexible Kapton heater (Omegalux) which was wrapped around the tubing near its outlet, while the heater and a thermocouple (Omega) were connected to a temperature controller (Omegaette CN4216). Rather than using a test stand, as was used for our previous contact lens biofuel cell prototype, the newer prototype was tested in vitro. The prototype's wire leads were bent at a right angle so that the contact lens could be maintained in a Fig. 2 . Contact lens biofuel cell fabrication steps. (A) A laser-cut electrode tape mask is placed in the mold, (B) carbon paste is applied over the mask, (C) the mask is removed revealing the patterned carbon paste electrodes, and (D) UV-curable elastomer is poured over the electrodes and cured while the mold is spinning to produce the lens with electrodes molded into them; (E) shows the finished device with leads attached to it; (F) carbon paste electrode surface area increased when the carbon paste was transferred to the lens material before the paste fully cured. horizontal position while being immersed enough for the electrodes to be fully wetted with tear solution, which was simpler than using the test stand and still kept the electrodes close to the solution surface. Electrochemical measurements were made using a Digi-Ivy DY2300 potentiostat. Contact lens biofuel cells were tested by performing linear polarization beginning at the open circuit voltage (OCV) and ending at the closed circuit voltage, 0 V, at a scan rate of 1 mV s À1 while measuring the output current. Power curves were created by multiplying the measured current and the corresponding applied voltage. Current and power densities were calculated based on electrode geometric surface area. For the biofuel cell, the cathode area (0.2 cm 2 ) was used because it was the larger of the two electrodes, while for the separated anode/cathode three-electrode experiments the electrode area was 0.0675 cm 2 . Unless otherwise specified, experiments were performed in triplicate and reported uncertainty corresponds to one standard deviation.
CNT Connectivity Simulation
A Monte Carlo MATLAB simulation was created to examine CNT networking in the contact lens biofuel cell cathode. The simulation was based on a previously published percolation study for randomly oriented bent CNT fibers [54] . Various Monte Carlo percolation studies have been performed beginning with the work of Pike and Seager [55] ; the goal generally being to determine the carbon volume percentage required to guarantee a conductive pathway through an insulating binder. The simulation in the present research focuses instead on determining the true electrode surface area and how CNT content and film thickness might contribute to cathode current density.
Rather than recreate a CNT matrix on a roughened carbon paste electrode surface (as was used for the contact lens biofuel cell), the model simulated a CNT film on a flat surface such as a glassy carbon (GC) electrode. Not only did this simplify the model, it also decoupled CNT networking from the effect that varied surface morphology may have on connectivity, making the results more generally applicable while still revealing characteristics of the contact lens CNT network. Important model parameters designed to mimic those from experiments included the CNT-filled TBABmodified Nafion thickness, which was measured using a Tencor P-10 profilometer and a Fisher Micromaster light microscope. The film was pipetted onto a flat substrate and the dry thickness was measured using the profilometer to determine a baseline value. After hydrating the film in phosphate buffer for four hours, the thickness was measured using the light microscope connected to a desktop computer. Having calibrated the microscope camera's measurement software, thickness measurements were taken with the film oriented so its thickness was perpendicular to the microscope view. The resulting measurements were by no means precise, but were sufficiently accurate for the rough model contained in this paper. The volume percentage of CNT, f C , in the film determined the number of CNTs in the simulation and was calculated from the known mass of CNT placed on the electrode, the CNT density from the supplier's datasheet (2.1 g cm 3 ), and the measured hydrated film thickness. The CNT supplier's datasheet was also the source of CNT average outside diameter (25 nm) and length (20 mm)-two other important model parameters. All CNTs in the model were assumed to have the same dimensions and were assumed to be uniformly distributed within a film of constant thickness.
The MATLAB code followed the previously published percolation study by Ma and Gao [54] , basically creating a network of randomly placed CNTs and then determining if any of them were close enough to form a cluster. The clusters were then evaluated for contact with the electrode at z ¼ 0. The model assumed an electron hopping distance d e = 1.8 nm [56] to determine if CNTs that are not physically touching were electrically connected. The key equation in the CNT connectivity model defined the minimum distance between any two CNT fibers as:
In Eqs. (1)- (3), the subscripts i and j refer to the i th and j th fibers and x, y and z are the fiber vertex coordinates in three-dimensional space. The fibers have a vertex because they were modeled as bent fibers consisting of two branches of the same length with a random angle from 0 to 180 between them. Modeling the CNT as bent fibers was an attempt to compromise between the reality of long, inter-tangled CNT fibers, and an oversimplified scenario consisting of CNTs modeled as straight fibers. The other variables in Eq. (2) are the orientation angles for each fiber arm (see Ma and Gao [54] ) with m; n ¼ 1; 2 because each fiber has two arms. Two CNTs were connected if the minimum distance between them, defined by Eq. (1), was less than or equal to the CNT diameter plus d e .
Cathodic Current Density Simulation
Cathodic current density was simulated using a steady state 2D-axisymmetric COMSOL model of a single BOD-coated CNT in a TBAB-modified Nafion film. The CNT was situated coaxially to the model axis and the CNT midpoint was located 111 mm from the film surface because that was the location of the average CNT networked to the electrode, as determined using the MATLAB connectivity model. Rather than model active sites on the CNT surface, the simulation CNT length varied depending on the electrochemically active CNT surface fraction, which was the parameter used to fit experimental and simulated values. Fig. 4 shows the CNT oriented in the film.
The oxygen concentration at the film surface was maintained at the concentration of dissolved oxygen in water while an oxygenconsuming flux was placed on the CNT surface. All other boundaries were made electrically and physically insulating. The model was repeated with an oxygen gradient (due to BODcatalyzed O 2 reduction in a biocathode film) applied to the right boundary instead of a constant oxygen concentration at the top boundary. The effect on the model results was minimal. Current density was calculated by integrating the flux over the CNT surface, then multiplying by the number of CNTs in the film and the fraction of CNTs connected to the electrode (from the MATLAB simulation). Finally, as shown in Eq. (6), this quantity was divided by the GC surface area to obtain the cathodic current density.
The oxygen flux equation at the carbon nanotube surface (Eq. (4)) assumed a two-step electron transfer process between the CNT and oxygen (Fig. 4) . Electron transfer from the CNT to BOD was described using a simplified Butler-Volmer expression, while electron transfer from BOD to oxygen was defined using the Michaelis Menten equation. Eq. (4) is the equation for oxygen flux, J O 2 at the CNT surface [39] :
where the forward reaction rate constant, k f , is defined in ButlerVolmer form as [57] :
In Eqs. (4) and (5), D O 2 is the oxygen diffusion coefficient through TBAB-modified Nafion, O 2 ½ is the concentration of dissolved oxygen in solution, G e is the BOD surface concentration on the CNT, K M is the Michaelis constant, k cat is the turnover number, k 0 is the heterogeneous rate constant, a is the cathodic transfer coefficient, F is Faraday's constant, E is the applied potential from 0.6 V to 0.0 V, and E 0 is the oxygen reduction onset potential. After the COMSOL model solved for the oxygen flux at the CNT surface, the cathodic current density was calculated as follows:
where n e;O 2 ¼ 4 is the number of electrons transferred in the reduction of oxygen to water [46] , n CNT is the number of CNTs in the entire electrode film, f conn is the fraction of CNTs connected to the electrode, and A GC is the GC electrode surface area (0.0707 cm 2 ). The surface integral was computed by COMSOL over the revolved CNT surface.
Experimentally determined model parameters included a, E 0 , G e and K M while other model parameters were acquired from literature sources. Experimentally determined parameters were obtained using polished GC electrodes with an An-pyr-MWCNT/TBAB-modified Nafion/BOD film similar to the film used on the contact lens biofuel cell except the concentration of BOD was increased to saturation. The BOD concentration was saturated to approximate a situation where all CNT active sites are in communication with the enzyme, which was one of the COMSOL Fig. 4 . COMSOL cathode current density model geometry with a reaction schematic for electron transfer from the CNT to oxygen through BOD. Fitting parameter Electrochemically active fraction of CNT surface -model assumptions. All experimentally determined parameters were obtained from experiments performed in quiescent 50 mM phosphate buffer adjusted to pH 7.4 and using an SCE reference electrode and platinum mesh counter electrode. E 0 was determined by visual examination of a cyclic voltammogram with applied potentials ranging from 0.6 to 0.0 V and a scan rate of 2 mV s
À1
. a was obtained from the non-transport affected region of the same cyclic voltammogram, using the recently proposed method given by the IUPAC [58] . To find G e , cyclic voltammograms were generated in N 2 -purged solution and the biocatalytic charge transfer was calculated by integrating the area under the oxidation peak, which occurred at an approximate potential of 0.46 V (and taking into account the scan rate). The charge was used in Eq. (7) to yield G e as follows:
here Q is the charge, n e;BOD ¼ 1 is the number of electrons involved in BOD oxidation, and A is the total CNT surface area that is networked to the electrode and is based on the MATLAB connectivity model data. K M was determined from the measured cathodic current at various concentrations of dissolved oxygen while applying 0.25 V (vs. SCE). Electrodes were initially immersed in an N 2 -purged solution to establish a baseline and the oxygen concentration was measured using an oxygen probe (Accumet, AP84) while injections were made from an O 2 -saturated solution. A curve based on the Michaelis-Menten equation was fit to the resulting data to obtain K M .
The model simulated cathodic current density at seven applied potentials ranging from 0.0 to 0.6 V vs. SCE. The electrochemically active CNT surface area fraction, f active , was modified in order to fit the simulated current density to experimental data. The experimental data was obtained by measuring the stable cathodic current produced at each potential using the same electrodes and buffer as were used for measuring the experimentally determined model parameters. Table 1 summarizes the parameters used in the CNT connectivity model and the cathode current density model.
Results and Discussion
Contact Lens Biofuel Cell
Half-cell experimental results for the anode and cathode are shown in Fig. 5 . Cyclic voltammograms of the anode (Fig. 5A) show a typical reversible dimethylferrocene redox couple with an oxidation peak at 0.25 V vs. SCE and an enzyme-catalyzed lactate oxidation onset potential at À0.025 V vs. SCE. These results are consistent with those recently reported in a self-powered, FcME 2 -LPEI-mediated lactate sensor [24] . The maximum catalytic current density, j max , for the anode was 825 AE 58 mA cm À2 (at 70 mM lactate). This large electrochemical response to lactate can be attributed to both the efficient wiring of LOx to the electrode surface by FcMe 2 -LPEI and to high surface roughness on the contact lens electrodes. The inset of Fig. 5A shows the amperometric response of the bioanode at a lactate concentration of 3 mM, which is the lactate concentration in tears. The resulting j max is 133 AE 13 mA cm
À2
. Fig. 5B displays the cathode cyclic voltammograms with an onset potential for oxygen reduction at 0.48 V vs.
SCE and a cathodic j max of 34 AE 8 mA cm À2 . Catalytic current for both electrodes was higher in the half-cell experiments than in the full biofuel cell experiment, because the half-cell samples did not require epoxied leads and a biocompatibility coating was not used on the cathode. The mismatch between values of j max for the anode and cathode determined how much larger the cathode was made in relation to the anode. Stability data, shown in Fig. 5C , was collected only for the anode, because it was the primary source of low stability in our previously reported contact lens biofuel cell prototype [23] . That earlier prototype maintained only 7% of its initial current after 17 hours of continuous testing. Fig. 5C highlights a markedly increased stability for the anode, maintaining 48% of current after 17 hours. The increased stability of the LOx/FcMe 2 -C3-LPEI redox system used here is somewhat unsurprising given that in a previously reported glucose biosensor utilizing a similar mediating polymer, ca. 75% of the electrode's initial current was produced after 17 hours of continuous testing [59] . The newer prototype therefore exhibited a slight increase in OCV, but significantly lower current and power densities, although a direct comparison between the two prototypes is not possible due to a much lower total surface area of the carbon paste electrodes compared to buckypaper. Using the EASA method with a general carbon material specific capacitance of 20 mF cm
, the actual area of the newer contact lens biofuel cell cathode is roughly 63 cm 2 , which is 75% less than the previous cathode. Another reason for the decreased current and power of the second prototype was the increased resistance from epoxied leads whereas the original prototype's connections were integral to the buckypaper electrodes. Additionally, the decreased enzyme activity and/or oxygen transport through the silicone acrylate biocompatibility coating for preventing CNT flaking off the cathode likely decreased substrate diffusion or restricted conformational freedom necessary to maintain enzyme activity. The decreases in current and power densities for the newer prototype were somewhat offset by improved biocompatibility and stability. The improved electrode lens adhesion and absence of buckypaper electrodes consisting almost entirely of CNT, which are not biocompatible [60] , qualitatively make the newer contact lens biofuel more capable of being worn on the eye than our previous prototype.
CNT Connectivity Simulation
Electron transfer between an enzyme and a CNT within a biocathode film requires that the CNT be electrically connected to the electrode, either directly or through a network of interconnected CNTs. The CNT connectivity model was created to reveal the fraction of CNTs within the biocathode film that were connected to the electrode. Similar information is obtainable using electrochemical methods (using cyclic voltammetry to find EASA), which were previously used to estimate the surface area of the contact lens biofuel cell, but creating a model of individual fibers also provided additional information, such as the level of connectivity at various distances from the electrode. Nevertheless, measuring the EASA of the An-pyr-MWCNT/TBAB-modified Nafion/BOD film on GC electrodes provided a verification of the connectivity model's total surface area prediction. Whereas the connectivity model predicted A = 6.58 cm 2 , the EASA was measured to be A possible explanation for why EASA was higher than A from the connectivity model is that EASA was calculated using a general value for carbon material specific capacitance that does not account for CNT length or diameter-two parameters that have a large impact on connectivity. The first step in the simulation was to determine the minimum required sample volume so that connectivity results were independent of volume. Once the sample volume had a side length longer than the length of a CNT branch (10 mm), the connectivity stabilized (see Fig. 7A ). A minimum side length of 13 mm was used for further simulations. It should be noted that although the data in The CNT/TBAB-modified Nafion film was measured to be 41.7 AE 27 mm thick when dry and 125 AE 50 mm when hydrated, which is the measurement applicable to experiments performed in solution. To simulate CNT connectivity over the entire hydrated film thickness, the sample side lengths in the directions planar to the GC electrode were maintained at 13 mm while the height of the sample cube was increased to 125 mm. CNT connectivity in the 125 mm-thick film can be seen in Fig. 8 . Simulation results for four levels of CNT volume percentage, f C , are shown in the figure, but the discussion here focuses around the results obtained for f C ¼ 1.6% because that is the value used on the contact lens biofuel cell cathode. The resulting connectivity curves have a halfGaussian shape and reveal that connectivity immediately near the electrode is high, 89.7%, but it drops off immediately, especially once the distance from the electrode exceeds the length of a CNT branch (10 mm). Beyond the length of a CNT branch, the percent connectivity decreases at approximately a constant rate until, at ca.
40 mm from the electrode, it levels off and at 65 mm from the electrode, the connectivity is only 1%. The percentage of CNT connected to the electrode in the entire film was 19.9 AE 1%. The connectivity model results may be useful to the many enzymatic biofuel cells that utilize CNT-filled polymer films for immobilizing enzymes. It was previously reported that the percolation threshold for a CNT matrix containing fibers with a length:diameter ratio of ca. 1000 would be approximately f C ¼ 0.1% [54] . Although all of the simulation results shown in Fig. 8 were obtained using f C > 0.1%, and although there is likely at least one conducting path through the film, the data reveal that connectivity improvements are possible by increasing f C . For example, it was mentioned that for f C ¼ 1.6% at 65 mm from the electrode, less than 1% of CNTs were connected to the electrode; if f C ¼ 4.5%, connectivity at 65 mm increases to 21%. Chirkov and Rostokin used computer modeling to show that continuing to increase carbon content in an enzymatic film could ultimately allow complete electron penetration [61] . It should be kept in mind, however, that increasing f C may decrease oxygen diffusion through the film, although this was not explored for this paper. The model results also indicate that care should be taken when increasing film thickness, e.g. using a layer-by-layer enzyme immobilization process [62, 63] . Although a thicker film will increase the amount of enzyme on the electrode, it may not improve current density if the film thickness exceeds the distance of probable CNT connectivity.
Cathodic Current
The experimentally determined model parameters were obtained using the data plotted in Fig. 9 . The cyclic voltammogram in Fig. 9A was used to obtain E 0 and a while the cyclic voltammogram in Fig. 9B was used to calculate G e . In Fig. 9B , the inset shows the background-subtracted oxidation peak at the location of the arrow in the main cyclic voltammogram of that portion of the figure. It was previously shown that the redox potential of the T1 copper site within the BOD is 0.43 V vs. SCE [64] . The T1 site is known to be responsible for electron transfer from the electrode to the enzyme; therefore, G e was calculated after integrating the area bound by this peak and the red line (which is the background current baseline) shown in the inset of Fig. 9B . From the known mass of CNTs and BOD in the film the theoretical maximum enzyme surface concentration was estimated to be 9.36 Â 10 À12 mol cm
À2
. Considering that the measured G e ¼ 4.95 Â 10 À13 mol cm
, apparently only 5.3% of the enzyme in the film is wired to active CNT surfaces. This is slightly higher than percentages previously reported for other multi-copper oxidase (e.g. BOD and laccase) DET systems, which were 1-2% [65, 66] , but it is a lower surface concentration than the 5.0 Â 10 À12 mol cm
that was recently reported by Lalaoui et al. [67] who utilized porphyrin molecules adsorbed to CNTs through p À p interactions in order to accomplish BOD DET. The value for K M from Fig. 9C is similar to what has previously been reported for BOD undergoing DET [68] . Finally, Fig. 9D contains the data used to determine the BOD saturation concentration that was used on all experimental electrodes used in conjunction with the COMSOL model. The saturation concentration reported is the concentration in the pipetted solution, not the cured and then hydrated film. Using the experimentally determined and literature parameters from Table 1 , the COMSOL model solved for cathodic current density from 0.6 to 0.0 V vs. SCE. f active was used as a free parameter to fit the simulated current potential data to experimental data, and the results can be seen in Fig. 10 .
The fit between experimental and simulated data in Fig. 10 was achieved using f active ¼ 0.055, which means that 5.5% of the CNT surface fulfilled both criteria of being electrochemically active and wired to BOD. Because a saturated enzyme concentration was used for the experiments, we can conclude that the 5.5% refers to the fraction of CNT sidewalls that are electrochemically active, which is a different result than what some researchers have found. Some studies show that the majority of CNT sidewalls are electrochemically active [69, 70] . Even if only portions of the CNT sidewalls are electrochemically active [31] , the G e obtained in this study shows that a denser enzyme packing is possible on the CNT surface. Recent work [50, 71, 72] shows that improving enzyme adsorption to CNTs is possible. It was mentioned previously that, using porphyrins, G e was reportedly increased up to 5.0 Â 10 À12 [67] which may be very close to the upper limit for G e . Assuming a BOD diameter similar to laccase (6.5 nm) [73] , and a closely packed enzyme monolayer, the maximum G e is 5.0 Â 10 À12 .
Conclusions
CNT connectivity and CNT surface activity are two sometimes overlooked factors that impact DET electrode current density. The contact lens biofuel cell discussed herein was created as an experimental basis for computational CNT connectivity and surface activity models. The models were meant to provide insights into how to improve the biofuel cell contact lens cathode, but the results have application in any CNT-modified enzymatic biofuel cell or biosensor. The connectivity model revealed that increasing f C would have a positive impact on current output, assuming oxygen diffusion was not drastically impacted. The model also showed that increasing film thickness would likely not improve current output. Measuring enzyme surface concentration, G e , revealed that the contact lens cathode system would benefit from a method for more densely adsorbing BOD to CNTs. In addition, the model estimated that the majority of CNT sidewalls were not electrochemically active. Finding methods to increase sidewall activity and G e would lead to dramatic increases in DET electrode current density, leading to large performance gains for the many biofuel cells and biosensors being developed.
The contact lens biofuel cell prototype presented herein was more suitable for on-eye wearing than a previously reported prototype [23] . The carbon paste electrodes used in this work were very flexible, could stretch, and bonded well to silicone elastomer. The fabrication process used to combine the carbon paste electrodes with the contact lens demonstrated that these electrodes could be molded into many silicone-based devices. In addition to their flexibility, the electrodes were conductive enough and had a high enough surface area to be useful in a wearable biofuel cell or biosensor. Another possible application for the contact lens biofuel cell anode system is as a contact lens lactate sensor with higher sensitivity than has been previously demonstrated [74] . If the anode were combined with an improved cathode, a self-powered wearable lactate sensor could be produced, which would be a novel contribution to the field of wearable lactate sensors. 
